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Regulationofmaternalbehaviorintheimmediatepostpartumperiodinvolvesneuralcircuits
in reward and homeostasis systems responding to cues from the newborn. Our aim was
to assess one speciﬁc regulatory mechanism: the role that olfaction plays in the onset and
modulation of parenting behavior. We focused on changes in gene expression in olfactory
brain regions, examining nine genes found in previous knockout studies to be necessary for
maternalbehavior.UsingaquantitativePCR(qPCR)-basedapproach,weassessedchanges
in gene expression in response to exposure to pups in 11 microdissected olfactory brain
regions. Over the ﬁrst postpartum days, all nine genes were detected in all 11 regions (at
differing levels) and their expression changed in response to pup exposure. As a general
trend, ﬁve genes (Dbh, Esr1, FosB, Foxb1, and Oxtr) were found to decrease their expres-
sion in most of the olfactory regions examined, while two genes (Mest and Prlr) were
found to increase expression. Nos1 and Peg3 levels remained relatively stable except in
the accessory olfactory bulb (AOB), where greater than fourfold increases in expression
were observed.The largest magnitude expression changes in this study were found in the
AOB, which mediates a variety of olfactory cues that elicit stereotypic behaviors such as
mating and aggression as well as some non-pheromone odors. Previous analyses of null
mice for the nine genes assessed here have rarely examined olfactory function. Our data
suggest that there may be olfactory effects in these null mice which contribute to the
observed maternal behavioral phenotypes. Collectively, these data support the hypothesis
that olfactory processing is an important sensory regulator of maternal behavior.
Keywords: olfactory bulb, accessory olfactory bulb, olfactory tubercle, piriform cortex, entorhinal cortex, amygdala,
hippocampus
INTRODUCTION
Regulation of maternal behavior in the immediate postpartum
period involves neural circuits in reward and homeostasis systems
responding to newborn sensory cues from the somatosensory,
visual, auditory, and olfactory systems. Olfactory regulation of
maternal behavior is less well understood than other sensory
modalities, especially visual and auditory.
The few studies examining olfactory cues and early maternal
behavior have studied maternal sensitivity to olfactory cues as a
means of identifying key characteristics of their own offspring.
Mothers are reliably able to identify their own child’s odor (Porter
et al., 1983; Kaitz et al., 1987) with up to about 90% accuracy in
as little as 10min after birth (Kaitz et al., 1987). New mothers
ﬁndbaby-relatedodorshavegreaterhedonicvalue(Flemingetal.,
Abbreviations: aHC, anterior hippocampus; aLA, anterior lateral amygdala; aMA,
anterior medial amygdala; AOB, accessory olfactory bulb; aPC, anterior piriform
cortex; Dbh, dopamine beta-hydroxylase; EC, entorhinal cortex; Esr1, estrogen
receptor 1; FosB, FBJ osteosarcoma oncogene B; Foxb1, forkhead box B1; Mest,
mesoderm-speciﬁc transcript; Nos1, nitric oxide synthase 1; OB, olfactory bulb;
OT, olfactory tubercle; Oxtr, oxytocin receptor; Peg3, paternally expressed 3; pHC,
posterior hippocampus; pLA, posterior lateral amygdala; pMA, posterior medial
amygdala;PPD0,postpartumday0;PPD1,postpartumday1;Prlr,prolactinreceptor
9;V, virgin.
1993). Moreover, ﬁrst-time mothers, with higher levels of circu-
lating cortisol, are better able to identify their own infant’s odor
(Fleming et al., 1997). Consistent with this small literature are
studies in animal models where many aspects of social behavior,
such as gender identiﬁcation, control of mating and aggression
responses,andpuprecognitionaremediatedbyolfaction.Wehave
elected to perform our study in mice as rodents have been the
mainstay of biomedical research and the insights provided into
the workings of mammalian systems have proved to be applicable
to human biological systems (Shively and Clarkson, 2009).
In many animals a functioning olfactory system is cru-
cial for maternal behavior (Levy et al., 2004; Levy and Keller,
2009). For example, largely anosmic mice that lack the sec-
ond messenger adenylyl cyclase type 3 (AC3) have been shown
to have impaired maternal behavior as they fail to retrieve
pups, do not construct well-deﬁned nests, and do not exhibit
maternal aggression (Wang and Storm, 2011). Likewise when
vomeronasal (VNO)-speciﬁc signal transduction cascade com-
ponents are mutated (e.g., mice that lack the TrpC2 channel)
deﬁcits are observed in maternal behaviors such as aggression and
nest building, indicating that the VNO pathway is also involved
in their regulation (Kimchi et al., 2007; Hasen and Gammie,
2009,2011).
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Many genes have been identiﬁed from mouse genetic studies
which are necessary for the expression of one or more aspects
of maternal behavior. Deletion of the following nine genes,
dopamine beta-hydroxylase (Dbh; Thomas and Palmiter, 1997),
prolactin receptor (Prlr; Ormandy et al., 1997; Lucas et al., 1998),
nitric oxide synthase 1 (Nos1; Gammie and Nelson, 1999), oxy-
tocin receptor (Oxtr; Takayanagi et al., 2005), estrogen recep-
tor alpha (Esr1; Ogawa et al., 1996, 1998), forkhead box B1
(Foxb1; Wehr et al., 1997), mesoderm-speciﬁc transcript (Mest;
Lefebvre et al., 1998), paternally expressed gene 3 (Peg3; Li et al.,
1999), and FBJ murine osteosarcoma viral oncogene homolog
B( FosB; Brown et al., 1996) have a variety of effects on dif-
ferent aspects of maternal behavior, from nest building to lick-
ing and grooming. In the majority of these studies olfaction
was not evaluated, or if it was there were issues with exper-
imental design (e.g., odors were tested which were either not
behaviorally relevant or only activated one of the two olfac-
tory systems were assessed, mice were not tested during the
postpartum period; reviewed in Leckman and Herman, 2002).
Interestingly, each of these nine genes are expressed in olfac-
tory regions at ages when mice are sexually mature [postnatal
day 28 (P28) or P56; Allen Brain Atlas Resources (Internet).
Seattle,WA, USA: Allen Institute for Brain Science. ©2009. Avail-
able from: http://www.brain-map.org]. As maternal behavior has
long been known to depend upon detection of olfactory cues
from the pup (Noirot, 1969), we reasoned that aspects of the
observed maternal behavioral phenotypes in null mice may have
olfactory component.
As a ﬁrst measure to test this hypothesis we took the approach
of determining whether gene expression changed in wild type
olfactory brain regions during the immediate postpartum period.
We took this approach because the information obtained would
allow one to design appropriate olfactory behavioral tests to test
null mice for olfactory deﬁcits. Using a qPCR approach (which
provides a quantitative measure of a gene transcription),we com-
pared gene expression of the nine genes in maternal olfactory
brain regions at postpartum day 0 (PPD0) and postpartum day 1
(PPD1) relative to expression levels in virgin mice that had never
beenexposedtopups.Wefoundthat,asageneraltrend,Dbh,Esr1,
Foxb1, FosB, and Oxtr decreased in expression in most regions
after exposure to pups, while Nos1, Mest, Peg3, and Prlr increased
in most regions during the postpartum period. Moreover, largest
changes were seen in the accessory olfactory pathway which is
known to mediate some olfactory cues (pheromones) which elicit
stereotypic behaviors, as well as some non-pheromone odors too.
Collectively these data support the hypothesis that olfactory cues
regulate maternal behavior during the postpartum period. More-
over, these data highlight the necessity of designing appropriate
olfactory behavioral tests which activate speciﬁc olfactory path-
waysandalsoperformingthesetestsduringtheinitialpostpartum
period which we see these changes in gene expression.
MATERIALS AND METHODS
ANIMALS
Virgin (12weeks old) CD-1 (Charles River) and dams with litters
on PPD0 and PPD1 were sacriﬁced with CO2 and brains dis-
sected (n =3). Note, the nulliparous mice for each group were
purchased, shipped and housed together in the same room, and
tissue collected for all groups with 60min. Speciﬁcally, control
micewereagematched,tonulliparous-femalesdeliveredpregnant
17days which gave birth in our animal room. Also note dams
were not removed from litters until immediately before sacriﬁce,
to minimize stress response and possible changes in gene expres-
sion. Brains were dissected in ice-cold PBS and microdissected
regions (see below) were collected in tubes on dry ice. Animal
protocols were reviewed and approved by the Yale Animal Care
and Use Committee.
MICRODISSECTION AND RNA EXTRACTION
Eleven regions were microdissected for RNA extraction. These
olfactory brain regions were selected to encompass olfactory
processing centers in both the main and accessory path-
ways. From the main olfactory pathway we collected sam-
ples from the main olfactory bulb (MOB), olfactory tuber-
cle (OT), anterior piriform cortex (aPC), anterior and poste-
rior lateral amygdala (aLA; pLA), entorhinal cortex (EC), ante-
rior/dorsalhippocampus(aHC),andposterior/ventralhippocam-
pus (pHC). Samples collected from the accessory olfactory path-
way were from the accessory olfactory bulb (AOB) and ante-
rior and posterior medial amygdala (aMA; pMA). Figure 1
details the major components of the main (red) and accessory
(blue) olfactory pathways. Dissected regions are highlighted in
gray. Tertiary projections are indicated in purple and centrifu-
gal projections back into the OB and AOB are indicated in
green.
Brains were sliced into 1mm thick slices using a Rodent Brain
Matrix (mouse 30g coronal; Electro Microscopy Sciences, Hat-
ﬁeld, PA, USA). Speciﬁc regions were manually dissected from
slices, with the aid of a mouse brain atlas and identiﬁable land-
marks. Samples were stored in Eppendorf tubes on dry ice. As
the majority of samples were small, and therefore yielded low
amounts of RNA, samples were pooled. This was unfortunate,
as it precluded statistical analyses and limited us to observ-
ing trends in gene expression. RNA was extracted using RNeasy
LipidTissueMiniKit(Qiagen,Germantown,MD,USA)following
manufacturer’s instructions.
cDNA was produced in triplicate from each sample (to min-
imize error and ensure accurate replication of RNA pool) using
iScript cDNA Synthesis kit (Bio-Rad,Hercules,CA,USA) accord-
ing to the manufacturer’s instructions. Optimally 500ng of total
RNA was transcribed,but in some small samples this was reduced
to 100–200ng. For any given brain region, cDNA samples were
transcribed from equal amounts of RNA in all three samples (V,
PPD0, and PPD1) that were going to be compared to facilitate
downstream qPCR analyses.
QPCR PROTOCOL
Primers
We designed the following primers for qPCR using PerlPrimer
v1.1.19 software (Marshall, 2004). Primers (see Table 1)w e r e
designed to span an intron–exon boundary (to exclude genomic
ampliﬁcation) and to amplify a product between 100 and 150bp.
Each primer pair ampliﬁed a single band when visualized on an
agarose gel.
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FIGURE1|S c hematic of mouse olfactory circuits. Main olfactory pathway
is shown in red, accessory olfactory pathway in blue, back projections in
green, and intracortical projections in purple. Regions highlighted in gray were
analyzed in this study. Adapted in part from (Dulac and Wagner, 2006; Baum
and Kelliher, 2009; de Castro, 2009). Abbreviations: aLA, anterior lateral
amygdala; aMA, anterior medial amygdala; AOB, accessory olfactory bulb;
AON, anterior olfactory nucleus; AOT, accessory olfactory tract; BST, bed
nucleus of the stria terminalis; EC, entorhinal cortex; HC, hippocampus; HTH,
hypothalamus; LOT, lateral olfactory tract; MOB, main olfactory bulb; MOE,
main olfactory epithelium; nAOT, nucleus of the accessory olfactory tract;
nLOT, nucleus of the lateral olfactory tract; OT, olfactory tubercle; PC, the
piriform cortex; pLA, posterior lateral amygdala; pMA, posterior medial
amygdala;TH, thalamus;TT, tenia tecta; VMH, ventromedial hypothalamus;
VNE, vomeronasal epithelium.
Table 1 | Sequences of primers used for qPCR.
Gene Forward primer Reverse primer Amplicon
size (bp)
GAPDH gtatgtcgtggagtctactg gagttgtcatatttctcgtggt 149
Dbh gtaaacaggttcagcagtgag gtagtcatacagagccttgag 119
Esr1 acagacactttgatccacct gcctttgttactcatgtgcc 116
FosB cccgagaagagacacttaccc aagtcgatctgtcagctccc 115
Foxb1 actttaagattcgaccagtcctcc gtatgagtagggcggcttctg 115
Mest gcatcttctaccaagattctgtc gaaatcaagggcgatcactc 145
Nos1 gaacgaacagtctcccgcct tcttcaggtgcagggtgtcag 109
Oxtr ccgcacagtgaagatgacct agcatggcaatgatgaaggcag 134
Peg3 tctttctcttcctgtgatgtc tcttgtcctctttgagttcca 133
Prlr ttctttagcaagcagtacacttcc ggctctggttcaacaatgtaagtc 127
Quantitative PCR
Quantitative PCR was performed using iQ SYBR Green supermix
(Bio-Rad) in a 20μl reaction volume, using 0.6μl iScript cDNA
reactionand500nMofprimers,followingmanufacturer’sinstruc-
tions. Master mixes were made for each primer and cDNAs were
added independently. Using a Chromo4 Real-Time PCR machine
(Bio-Rad) run settings were according to recommended proto-
col. Brieﬂy, an enzyme activation step for 10min at 95˚C, then 45
cyclesof 15sdenaturationstepat95˚C,45sannealingat55˚C,and
30s extension at 72˚C, and ﬂuorescence data collection at the end
of the denaturation step. Melt-curve analysis followed each run
with ramping from 55 to 95˚C, with ﬂuorescence data collection
in 0.5˚C increments. Each sample, comprising cDNA from three
animals, was run in triplicate.
DATA ANALYSIS
The quantity of PCR product was determined on a cycle-by-cycle
basis by monitoring the ﬂuorescence values in each sample. Opti-
con Monitor 3.1.32 MJ software (Bio-Rad) normalized for back-
ground ﬂuorescence and permitted setting a threshold at which
ﬂuorescence data were analyzed. This threshold was chosen at a
levelduringtheexponentialphasewherethereactionshadentered
a constant rate of ampliﬁcation. The same threshold,with a value
of 0.2, was used for all runs in this experiment. This yielded a
CT value for each sample, the cycle number at which the ﬂuores-
cence reached threshold, and this was taken as a measure of the
abundance of cDNA target present. Standard curve analyses were
performed for each primer set to determine reaction efﬁciencies
over a range of cDNA concentrations.
ResultswereanalyzedwiththedeltadeltaCT method(CT)
which is a convenient way to analyze the relative changes in
gene expression from real-time quantitative PCR experiments
(Schmittgen and Livak, 2008). Brieﬂy, CT data for each gene of
interest was normalized to CT values for the housekeeping gene
GAPDH. This yielded a CT value, or the number of cycles
between GAPDH and the gene of interest. The CT values of the
two experimental groups,PPD0 and PPD1,were than normalized
to theVirgin control sample,giving a CT value. This was con-
verted into expression fold change using the 2−CT (Schmittgen
and Livak, 2008), with Virgin set to 1.0. Values under 1 therefore
indicate downregulation, while values above 1 indicate upregu-
lation. PCR efﬁciency was calculated from standard curves and
was accounted for when calculating CT. The values across the
three plates were then averaged, and variance measured. Graphs
were made using GraphPad Prism software.
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FIGURE 2 | Relative gene expression levels in virgin mice of the nine
genes of interest in the 11 olfactory brain regions. Gene expression was
normalized against housekeeping gene expression (Gapdh) to determine
the CT value (i.e., PCR cycle at which gene was detected above
threshold).The earlier a gene is detected, the lower its CT value and the
higher the level of expression.To graph this, we plot the −CT value, for
easier interpretation: physically higher points on the graph represent higher
gene expression. Gene expression from all 11 gene regions examined were
plotted (−CT ±SD) to compare expression between genes. All nine genes
were found in all 11 regions, although relative levels of expression differed.
Interestingly, only Prlr showed a largely dichotomy in expression between
regions, with seven the regions (pMA, aMA, pLA, aLA, aHC, pHC, and EC)
having signiﬁcantly higher expression than the other four regions (OB, AOB,
aPC, and OT). All other genes generally had between two-fold and
eight-fold variation in expression between regions (i.e., CT values within
two to four cycles).
RESULTS
Baseline gene expression for each of the nine genes studied was
established in virgin mice (age and weight matched at 12weeks;
Figure 2). Surprisingly, apart from Prlr (Figure 2), individual
genes had fairly stable levels of expression between regions, as
indicated by similar CT value. All data points are fairly close
except for the Prlr, which had two levels of expression: very low
expression in the OB, AOB, OT, and aPC (CT values between
∼14 and 17) with the remaining regions having higher expres-
sion (CT values between ∼8 and 11), an average 64-fold (26)
difference in expression. Note the error bars in Figure 2 show SD,
highlighting the minimal variability observed.
To examine changes in gene expression in the postpartum
period we elected to look at PPD0 to see if exposure to pups
elicited changes in gene expression in olfactory regions, as well as
at PPD1 to see if expression remained stable or showed further
changesaftercontinuedexposuretopups.Tocompareexpression,
wenormalizedexpressioninthevirginanimalto1anddetermined
whether expression in PPD0 and PPD1 regions differed from 1.
This approach did not allow us to compare expression between
genes, but there was no biological reason to assume expression
of one gene was linked to another, other than a common link to
maternal regulation. Moreover, because we had to pool samples
due to limited amounts of RNA, these data could not be statically
analyzed and hence we were limited to observing trends in gene
expression.
MAIN OLFACTORY PATHWAY
In most mammals, olfactory information is processed through
two distinct, parallel, yet non-overlapping pathways: the main
olfactory system,which processes information from small volatile
odorants,andtheaccessoryolfactorysystem,whichprocessinfor-
mation from aqueous-soluble odorants that are actively pumped
in from the nasal cavity (Dulac and Wagner,2006). In addition to
segregation of the primary inputs, the projections to the central
nervous system (CNS) are also segregated and the pathways only
converge after many synapses (Figure 1).
In the main olfactory system, the olfactory sensory neurons
synapse with mitral cells in the MOB. Mitral cells in turn project
to multiple regions of paleocortex, including the anterior olfac-
tory nucleus (AON), the OT, the piriform cortex (PC; consid-
ered to be the primary olfactory cortex), the lateral amygdala
(LA) and EC (Lledo et al., 2005). These connections are indi-
cated in Figure 1 in red. Information is further relayed to the
hippocampus as well as the thalamus, which in turn projects
to the orbitofrontal cortex. These intracortical connections are
indicated in purple in Figure 1. It is here that information is
integrated with both the accessory olfactory system and other
sensory systems.
At PPD0 and PPD1, few genes were observed to show greater
than two-fold changes in expression in the OB (Figure 3A). Dbh
and Foxb1 both showed approximately a two-fold decrease in
expression, while the Oxtr was found to have ∼1.5-fold decrease
in expression only at PPD1. Prlr showed approximately a two-
fold increase in expression while both Mest and Nos1 were found
to have ∼1.5-fold increase in expression. In the OT, however,
more genes were observed to change expression in the imme-
diate postpartum period (Figure 3B). Again, Dbh and Foxb1
both showed approximately a two-fold decrease in expression
at both PPD0 and PPD1. Oxtr was found to have a ∼2.5-
fold decrease in expression only at PPD0, while FosB had a
∼1.5-folddecreaseinexpressiononlyatPPD1followedbyanearly
two-fold decrease at PPD1. Prlr increased expression ∼1.5 to
2-foldandMest increasedexpression∼two-foldatPPD1.Changes
of larger magnitude were observed in the piriform cortex (aPC;
Figure 3C), with Prlr increasing expression ∼three-fold at both
PPD0 and PPD1 while Oxtr, FosB, Foxb1 decreased expression
∼ three-fold.
In the lateral amygdala (aLA and pLA; Figures 4A,B) similar
changes in expression were seen,with decreases in Dbh and Foxb1
continuing to be a common trend in all main olfactory system
areas. The pLA had the most pronounced decreases in expression
of these two genes observed in the main olfactory system,to levels
we would consider close to the“unexpressed”range (i.e.,detected
more than 15 cycles after the detection of the housekeeping gene).
Mest was found to increase in both aLA and pLA at PPD1 by two-
fold. The Prlr was found to also increase expression two-fold in
the pLA at PPD1.
In EC, the last region we studied in the main olfactory system
(Figure4C),in contrast to all the other studied areas,Dbh expres-
sion was not changed in the early postpartum period. Foxb1 was
downregulatedasobservedintheotherregions.BoththeOxtr and
Prlr were found to decrease, which is surprising for Prlr as it was
already expressed at very low levels to start with (Figure 2). Mest
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FIGURE 3 | Changes in fold expression (determined by CT method) at
PPD0 and PPD1 in the (A) OB, (B) OT, and (C) aPC. Mean±SD are plotted
on a log2 scale, such that fold increases and decreases are represented
linearly.
was observed to increase ∼1.5-fold,similar to the increase seen in
the LA and OT.
Even though the LA and EC do not receive exclusive inner-
vations from the main olfactory system, the changes in gene
expression observed are consistent with changes observed in
the OB, OT, and aPC (i.e., decreases in Dbh, Foxb1, and
Oxtr). This suggests that system wide changes are maintained
along the pathway, and may underlie some aspects of maternal
behavior.
FIGURE 4 | Changes in fold expression (determined by CT method) at
PPD0 and PPD1 in the (A) aLA, (B) pLA, and (C) EC. Mean±SD are
plotted on a log2 scale, such that fold increases and decreases are
represented linearly.
ACCESSORY OLFACTORY SYSTEM
Sensory information detected in theVNO epithelium is processed
in the accessory olfactory system. VNO sensory neurons synapse
on AOB mitral cells, which project to four nuclei of the limbic
system: the bed nucleus of the stria terminalis (BST), the nucleus
of the accessory olfactory tract (nAOT), the aMA and the pMA
(DulacandWagner,2006).Projectionsfrommedialamygdalacon-
necttohypothalamus,wheretheyconvergeinsomehypothalamic
areas with main olfactory information.
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The most striking changes in gene expression observed were in
the AOB (Figure 5A) where seven genes exhibited moderate (i.e.,
greaterthantwo-foldchangeinexpression)orstrongchanges(i.e.,
greater than four-fold change in expression). Dbh and Foxb1 in
particular downregulate eight-fold, a dramatic change sustained
over both days. It is important to note that this downregulation
brings expression into the “unexpressed” range. Esr1 also down-
regulates strongly, to nearly one-fourth of baseline, on both days.
Interestingly,intheAOB,allthreeofthesegeneshavehighbaseline
levelstobeginwith(Figure2),relativeto olfactorybulband other
primarily olfactory structures.
Concurrently,Mest1,Nos1,Peg3,andPrlr upregulatemorethan
two-fold(Prlr increased∼six-fold).Asmentionedabove,however,
initial Prlr levels were extremely low in AOB, so while a six-fold
increase in Prlr levels in theAOB may have some effect,it may not
be comparable to other, similarly large fold changes. FosB shows
a more modest change,with an ∼two-fold decrease in expression.
Therefore we show that in the AOB, a region known to be impor-
tant in mediating a variety of social odor cues, eight out of nine
of maternally relevant genes display large magnitude changes in
expression in the early postpartum period.
In both the aMA and pMA (Figures 5B,C) we saw smaller
effects than in the AOB; however, changes largely mirrored those
seenintheAOB.Dbh,FosB,andFoxb1downregulatedtheirexpres-
sion while Mest and Prlr increased expression. In contrast to the
AOB, Esr1 showed a two-fold increase at PPD1 in the aMA.
HIPPOCAMPUS
The olfactory systems provide substantial and direct input to the
hippocampus (Staubli et al.,1995). EC densely innervates granule
cells in the dentate gyrus, as well as connecting to hippocam-
pal pyramidal cells in CA1 and CA3 (Staubli et al., 1995; Canto
et al., 2008). aHC was analyzed independently to pHC, as these
regionsareknowntoregulatedifferentinformation(Woollettand
Maguire, 2009).
We found the single largest gene expression change in the aHC
(Figure 6A). Prlr was observed to undergo a ∼16-fold increase in
expressionatPPD1,afteraninitialdecreaseinexpressionatPPD0.
WedidnotobservechangesinPrlr expressioninpHC(Figure6B),
suggesting that this is speciﬁc to the aHC. Dbh and FosB were
observed to decrease in both regions, while Mest was found to
increaseonPPD1inbothregions.Foxb1expressiondecreasedonly
in aHC at PPD0, again consistent with the functional dichotomy
of these regions.
DISCUSSION
Ourresultsshowthattheexpressionof nineknowngenesregulat-
ingearlymaternalbehaviorisdifferentiallymodulatedinolfactory
brain regions in the early postpartum period. Interestingly,we did
not see large changes in most genes between PPD0 and PPD1
indicating that increased exposure to pups did not elicit further
widespreadchangesingeneexpression.Weﬁndthelargestchanges
in the AOB, the ﬁrst component of the accessory system which
mediates a variety of olfactory cues including many known to
elicit stereotypic behaviors. Our data support the hypothesis that
behavioral phenotypes observed in mice which lack expression of
thesegenesmayhaveanolfactorycomponent.Moreover,ourdata
FIGURE 5 | Changes in fold expression (determined by CT method) at
PPD0 and PPD1 in the (A)AOB, (B) aMA, and (C) pMA. Mean±SD are
plotted on a log2 scale, such that fold increases and decreases are
represented linearly.
provide a basis to design appropriate olfactory behavioral tests
to assess olfaction in these null mice. This is important because
if a gene shows changes in expression in the accessory olfactory
system, it would be important to use an odor which is detected
in the VNO to assess olfactory function. To date many studies
have lacked this important information, and have concluded that
olfaction is “intact” after testing with one or two odorants which
may not reveal the existing deﬁcit. Similarly, tests of olfactory
function have not been performed in this immediate postpartum
period which, given the dynamic changes in gene expression we
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FIGURE 6 | Changes in fold expression (determined by CT method) at
PPD0 and PPD1 in the (A) aHC and (B) pHC. Mean±SD are plotted on a
log2 scale, such that fold increases and decreases are represented linearly.
demonstrate, may also fail to reveal olfactory deﬁcits. Collectively
ourdatademonstratehowvariableandresponsivegeneexpression
isduringthisperiodinthematernalolfactorybrain,andhighlight
the importance of testing olfactory function in maternal behav-
ioral paradigms in the immediate postpartum period (PPD0 and
PPD1).
Olfactory cues have well established roles in eliciting maternal
behaviors in rodents. In rodents, as in most mammals, mater-
nal behaviors emerge at or close to parturition. These behaviors
includenestbuilding,nursing,pupretrieval,andaggression.Anos-
mic mice show impaired maternal behavior, with the majority of
females eating their progeny (Gandelman et al., 1971a,b;Vanden-
bergh, 1973; Seegal and Denenberg, 1974). Experience mitigates
these effects, as olfactory bulbectomy in multiparous mice does
not result in cannibalism (Seegal and Denenberg, 1974). Like-
wise, mice which lack AC3, a component of the olfactory signal
transduction cascade in the main OE, are largely anosmic and
have impaired maternal behavior, although they do not canni-
balize their young (Wang and Storm, 2011). In contrast, removal
of the VNO does not result in cannibalism (Lepri et al., 1985).
This apparent lack of dependence onVNO signaling for maternal
behavior may be a reﬂection,however,of recent evidence showing
thatthatsomepheromonesinitiallythoughttobesolelyprocessed
by the VNO, are also detected in the MOE in mice (Mandiyan
etal.,2005;LiberlesandBuck,2006;Wangetal.,2006).Whilethey
do not display cannibalism, mice with surgically removed VNOs
do display impaired maternal behavior,which is mirrored in mice
whichlackTrp2C,acomponentof thesignaltransductioncascade
inVNO neurons (Kimchi et al., 2007).
Incontrasttothestudiesabove,whichlookedattheroleof sen-
sory innervation in olfactory circuits,we were interested in seeing
whetherknownmaternallyregulatedgeneshadeffectsinolfactory
corticalcircuits.Fromexpressiondatabases(i.e.,AlanBrainAtlas)
weknewthatallninegeneswereexpressedinolfactoryregionsand
were present in a spatiotemporal window to be modulated in the
postpartum period. Our data (summarized in Figure 7) indicates
that these genes do undergo regulation of expression in the post-
partumperiod.Weobservedsomegeneraltrends intheexpression
changes:Fivegenes(Dbh,Esr1,Foxb1,FosB,andOxtr)werefound
to decrease their expression, while Mest and Prlr increased their
expression. Nos1 and Peg3 were largely stable across regions,apart
from a region-speciﬁc increase in the AOB.
In light of these ﬁndings, it is interesting to note that analyses
of most lines of null mice for these genes either did not include
an assessment of olfaction, or only checked to see if the mice
were anosmic (reviewed in (Leckman and Herman, 2002). The
exception was the analyses of Dbh−/− mice (Brennan et al., 1990;
Thomas and Palmiter, 1997) which also checked the accessory
olfactory system by assessing whether pregnancy block was intact.
In no case were salient maternal odors such as pup urine tested.
Wang and Storm (2011) used a pup/odor preference test to assess
olfaction in AC3−/− mice which would also be useful for testing
lines of null mice with maternal phenotypes. This test involves
placing pups (anesthetized to eliminate ultrasonic vocalizations)
in one opaque chamber and assessing how much time a dam
spends exploring/snifﬁng the empty vs. pup containing cham-
ber. Using this paradigm to test olfaction in null mice may more
accurately tease out the contribution that olfaction plays in the
observed phenotype.
The largest changes in gene expression we observed were in
the accessory olfactory system, speciﬁcally in the AOB and aMA.
In the main olfactory system the changes were predominantly
observed downstream from the OB, in the OT, aPC, and pLA.
The further downstream one gets, the less olfactory speciﬁc a
region becomes. There is sensory integration in the amygdala
frommultiplesources,yetitisinterestingtonotehowthechanges
largely mirror changes upstream. For example, Dbh was observed
to decrease in all regions examined, apart from EC. Functionally
thiswouldresultinadecreaseinepinephrine/norepinephrinesyn-
thesized in these areas and most likely a concomitant increase in
dopamine. This argues for continuity in gene expression in olfac-
tory circuits and suggests that these changes may be behaviorally
relevant.
It is perhaps not surprising that we saw the largest magni-
tude changes in the accessory olfactory system. This pathway is
responsible for mediating many innate behaviors such as gender
recognition, mating behavior, and aggression, as well as female
estrus cycle (reviewed in (Dulac and Wagner, 2006). In addition
topheromonesensing,thispathwaycanalsoprocessesavarietyof
odorsthatarenotpheromones(TrinhandStorm,2003;Ben-Shaul
etal.,2010).Thiscircuit,incontrasttothemainolfactorypathway,
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FIGURE 7 | Summary diagram of trends in gene expression changes at
PPD0 and PPD1. Using mean fold expression, we plotted changes in
expression in a matrix of region vs. gene.This matrix highlights that the largest
magnitude changes (both increase and decrease in expression) were found in
the accessory olfactory pathway (i.e., AOB and aMA). It also highlights that
many genes tended to follow trends in expression in the immediate
postpartum period, generally showing either a decrease or an increase in
expression in most regions, rather than having variable changes. Note, genes
were determined to have no change in expression if the mean fell between
0.9 and 1.1 (i.e., observed changes were less than 10% of virgin controls).
bypasses cortical areas and directly projects to the limbic system.
This short synaptic distance from sensory input to effector targets
inthehypothalamus(seeFigure1)suggestthatthispathwaymedi-
ates pre-programmed responses (Dulac and Wagner, 2006). The
large magnitude changes we detected in the immediate postpar-
tum period were relatively stable from PPD0 to PPD1 (Figure 7)
which supports the model of genetically pre-programmed mater-
nal behavioral responses rather than adaptive, experienced-based
responses proposed by Dulac and Wagner (2006).
In summary our data show that known maternally regulated
genes also have regulated gene expression in the olfactory system
during the immediate postpartum period. This pattern of regu-
lation appears to be synchronized across the main and accessory
olfactory circuits, with the largest magnitude changes seen in the
accessorypathway.Ourdataalsohighlighttheimportanceof eval-
uating olfaction using salient odors in the immediate postpartum
period when assessing maternal behavior deﬁcits.
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